Lepton Flavor Violating (LFV) processes are clear signals of physics beyond the Standard Model. We investigate the possibility of measuring this kind of processes at present and foreseeable future muon-electron colliders, taking into account present day bounds from existing experiments. As a model of new physics we consider a Z' boson with a U (1) gauge symmetry and generic couplings. Processes that violate lepton flavor by two units seem to be particularly promising.
Electron-muon collisions
Electron-muon collisions have been so far studied using the interaction of a muon beam with a fixed target. Muon beams can have energies up to several hundreds GeV, fluxes of 10 7 -10 8 particles per second and transverse dimensions of order of a few centimeters [1, 2, 3] . Although with this technique one can in principle reach very high luminosities by the use of properly studied targets, the available center of mass energy (c.m.e.) is strongly suppressed because of the Lorenz boost.
In recent years, however, a very intense R&D program has been put forward in many laboratories to develop techniques to obtain very high energy muon-muon interactions in collider mode, motivated by the possibility of producing collisions of point-like particles at very high energy without the limitation from synchrotron radiation typical of electron-positron machines. In these studies muons are produced either as decay products of pions from fixed-target protonproton collisions, or as a result of pair production in electron-positron collisions. Typically, at c.m.e. of 6 TeV, two single bunches of 2×10 12 muons, each of transverse dimensions of ∼1.5 µm, collide at a rate of ∼50 kHz, providing a peak luminosity largely exceeding 10 34 cm −2 s −1 [4, 5, 6, 7] . One of the main technical limitations to obtain high luminosity comes from the difficulty in producing highly collimated muon beams. A big step forward in this direction has been recently reported by the MICE collaboration which has been able to confirm the success of a ionization cooling experiment on a low momentum muon beam using properly designed absorbers [8] . This experiment has to be considered as an important advance in the development of high brightness muon beams.
In this paper we want to call the attention to the fact that such beams could also be used to produce electron-muon collisions in collider mode, by the simultaneous usage of high energy electron/positron beams. This would allow probing electron-muon interactions at c.m.e orders of magnitude higher with respect to the fixed target option.
Actually, electron and positron beams with energies up to 100 GeV have been already put in collision at LEP [9] . Projects for the construction of future linear or circular e + e − colliders with c.m.e. between 200 and 1500 GeV and luminosities exceeding 10 34 cm −2 s −1 have been also put forward, limited mostly by budget issues. These projects vary a lot among each other in the strategy to reach high luminosity, which is obtained either by maximising the rate of collisions (f c ) or the number of particles in each bunch (N l ) or by minimising the beams dimensions (σ x,y ); typical figures of merit are f c ≥ 100 kHz, N l ∼ 10 11 − 10 12 ,σ x,y ≤ 1µm [10, 11, 12] .
For two colliding beams of particles of type A and B the luminosity can be computed to good approximation by the formula:
Using the numbers quoted above we see that, by properly combining the aforementioned lepton beams, it is at least in principle conceavable to obtain electron(positron)-muon collisions at a luminosity of 10 34 cm −2 s −1 or more, in a c.m.e. range between few hundreds to few thousands GeV.
A thorough discussion of the technical details of this hypothetical machine goes well beyond the purpose of our paper. We note, however, that since the collision rate would likely be limited by the revolution rate of the muon beam, reaching high luminosity must rely on the ability of producing very compact and dense lepton bunches. We note also that the scheme in [7] naturally provides a source for both muon and positron beams, although the latter must be accelerated at higher energies in a subsequent stage.
Physics case
Although in principle many interesting measurements can be performed with the above mentioned machine, we focus our attention on the possibility of studying e +(−) µ −(+) → e −(+) µ +(−) transitions. The observation of this process would be a clear signature of Lepton-Flavor-Violation (LFV). In the Standard Model (SM) LFV processes are suppressed to an unobservable level, therefore the observation of the aforementioned events would be a clear signature of physics Beyond the Standard Model (BSM).
Many specific and well motivated BSM models including LFV can be found in literature. We are however not interested in discussing them in detail, but will rather use a simple model where LFV transitions are mediated by a generic heavy neutral boson (Z') with mass and coupling to be determined by the experiment. Our purpose is, in fact, to give an order-ofmagnitude estimate of the potentials and the limits of the proposed experiment as a function of the reachable c.m.e. and luminosity.
We introduce a new LFV interaction mediated by a neutral Z' boson of mass M z M z , described by the following lagrangian:
We take the Z' to be a gauge singlet; then SU(2) L invariance implies that g eL ij =g νL ij . We do not make any assumption on the couplings of the Z' with quarks, therefore our results are not affected by the recent LHCb indications for the possible violation of lepton universality [13] . We only note that this result can be explained through a LFV Z', as discussed in [14] .
Low energy bounds on Z' couplings
Z' exchange amplitudes generate LFV violating processes like µ − → e − e − e + , but also contribute to 'standard' non LFV-violating processes like muon decay µ − → e −ν e ν µ (see fig 1) . In the latter case, the decay width is given by the sum of three terms corresponding to W exchange square, Z' exchange square and interference; we obtain:
Corrections to the Fermi constant, defined through this process, must be below the per-mille level in order to avoid conflicts with electroweak precision data. Following [14] we demand *
(3) * A more refined analysis would imply a precise evaluation of the impact of the Z' contribution on the electroweak precision tests; this goes beyond the scope of the present paper. Notice that one can basically evade the bounds coming from this request by making suitable assumptions on the chirality of the couplings. Indeed, if the Z' mass is of the order of 1 TeV as we assume in the present paper, the third term in (2) is suppressed by
respect to the second one. If the µ-e-Z' coupling is purely right (g L µe = 0), then the second term is 0 and we obtain very weak bounds on g R µe . Howewer, in order to be conservative, we assume instead all couplings to be the same g L,R ij = g∀i, j and obtain stronger bounds. The resulting upper bound on g is plotted on the dashed red line in fig. 2 . Moreover, we have considered the bounds on g coming from muonium-antimuon oscillation [15, 16] ; these bounds turn out to be one order of magnitude weaker than those coming from muon decay discussed above.
Let us now discuss the bounds coming from the LFV violating process µ − → e − e + e − , for which the current experimental bound [17] is BR < 10 −12 . In this case only the Z' exchange contributes and assuming g L µe = g R µe = g µe , g L ee = g R ee = g ee we obtain:
This process sets therefore bounds on the product of diagonal (g ee ) and non diagonal (g µe ) couplings. In the following we assume that g ee , is sufficiently small, i.e. it respects the bounds coming from B.R < 10 −12 and we focus our attention on the non diagonal couplings. For instance if g µe ≈ 10 −2 (see fig 2) , we obtain g ee < 10 −3 . corresponding to the exchange of a Z' in the s channel, in the t channel and to the interference between the two, see figure 3 . In general, the cross sections for the LFV-violating processes we consider in the present paper are obtained by summing Z' exchange in s-and t-channel (see figure 3 ). Considering the process 12 → 34 and indicating with g R ij , g L ij the relevant Z'-fermionantifermion couplings, the differential cross section in the scattering angle θ =p 1 ·p 3 is the sum of three contributions coming from s-channel square, t-channel squared and s-t interference:
The expression for the total cross section is rather cumbersome, but it simplifies in the case g R ij = g L ij = g∀i, j:
In the case of heavy Z', √ s M Z , this expression further simplifies to the following approximate one: The cross section for the process e +(−) µ −(+) → e −(+) µ +(−) can be computed using (5-7) with 1 = e − , 2 = µ + , 3 = µ − , 4 = e + . If we further assume left and right couplings to be equal (g L µe = g R µe ≡ g) we can compute the single event sensitivity (s.e.s.) of our proposed experiment, defined as the value of g such to have 1 event/year. As an example we plot in fig. 2 the s.e.s. as a function of the Z' mass at our µ − e collider, assuming two possible c.m. energy √ s = 500 GeV and 1 TeV, and luminosity L = 10 34 cm −2 s −1 . In both cases, the explorable region of couplings lies a factor 2-3 below the pessimistic limit set by the standard muon decay † . Here, we do not make any assumption on the actual detection efficiency; we note only, however, that it should be taken not below ∼50%, with this requirement being less stringent with increasing c.m. energies.
The observables discussed until now are not sensitive directly to the Z' mass, but rather to the combination g M Z (see (2, 4) ). We point out that the angular distribution of the outgoing (anti)muon is, instead, sensitive to the value of the Z' mass alone. This can be seen from fig.  4 where this distribution in the laboratory frame of a colliding muon of energy 3 TeV and an electron of energy 200 GeV is plotted. In order to emphasize the dependence on the Z' mass we take the rather extreme values of M Z =3 TeV for the blue curve and M Z =1 GeV for the red curve. The reason for the pronounced dependence on the Z' mass is the following. The amplitude is the sum of s-channel contribution, proportional to (M Z − s), and t-channel † We call the limit given by the red dashed line in fig 2 ' pessimistic' since a more detailed analysys including the possibility of different left and right couplings, a refined estimate of the calculation of the impact on precision electroweak tests would push the red line towards higher values.
proportional to (M Z − t), with −s ≤ t ≤ 0. If the Z' is heavy, M Z s, both amplitudes are proportional to 1/M Z and angle-independent, therefore the angular distribution is basically flat (blue curve). If instead the Z' is light, M Z s, then for small angles the distribution is dominated by the t-channel amplitude, which is very peaked in the forward direction being roughly proportional to 1/t where t = −s/2(1 − cos θ) goes to 0 with the scattering angle. 
Other processes
We want now to briefly comment on the possibility to perform two other experiments.
Firstly, we consider the possibility to observe the LFV process e +(−) µ −(+) → e + e − at the proposed collider. This transition is crossing-connected to the decay µ − → e − e − e + , that therefore imposes strong bounds on the couplings. Let us assume g L,R µe = g µe and g L,R ee = g ee ; moreover √ s M Z . Using equation(4) and imposing the experimental limit on the µ − → e − e − e + branching ratio (BR), we get:
We see that, for instance, for √ s= 500 GeV, σ < ∼ 0.5×10 −8 pb, which makes the process impossible to be observed for any reasonable value of the collider's luminosity. Notice that this holds true whatever the value of the couplings: indeed, both the cross sections and the branching ratios depend on the same combination of couplings.
Secondly, we discuss the potential for observing the process e +(−) µ −(+) → e −(+) µ +(−) with a fixed target experiment using presently available muon beams. We take as a reference the setup of [18] . Here, 150 GeV muons impinge on the atomic electrons of a Be target, with total thickness of 60 cm. The beam flux is ∼5×10 7 µ/s. With respect to [18] , we further assume that a magnetic spectrometer allows the discrimination between particles of different charge. Given the numbers quoted above the c.m.e of the process is 400 MeV and the experiment's luminosity ∼ 10 33 cm −2 s −1 . We must here impose the bounds coming from standard muon decay, similarly to what has been done in the previous section for the high c.m. energy case. Unfortunately in this case the bounds thus obtained for the values of the couplings are at least one order of magnitude smaller than those required to have one event per year. Therefore (maybe unless the luminosity is strongly improved), the LFV processes we consider here are unobservable at present day colliders.
Conclusions
In recent years, relevant progresses have been made in the design for a future muon collider capable of reaching center of mass energies of several TeV. This machine, which would allow the search of phenomena beyond the Standard Model into a so far unexplored energy domain, requires producing very intense, high energy muon beams, with collimation characteristics never obtained to date. We suggest that these beams can also be used to produce electron-muon collisions at very high energies, with luminosity exceeding 10 34 cm −2 s −1 . We have shown that such a machine, would allow studying the lepton flavor violating process e +− µ −+ → e −+ µ +− with a sensitivity potentially better than the one reached by present or proposed rare decay experiments. We have also studied the possibility of performing the same experiment exploiting presently available muon beams, such as that used by the MuonE experiment; we have shown that, unfortunately, in this case the reachable luminosity is at least one order of magnitude smaller than that required to unequivocally observe the signal of our interest. Finally, the abovementioned process, that violates LF by 2 units, looks like the most promising one. For instance, processes that violate LF by 1 unit like e − µ + → e − e + , are impossible to observe given the bounds coming from present day experiments.
